ABSTRACT A design of an ultra-wideband eight-port multiple-input multiple-output (MIMO) antenna array in a smartphone with an open-slot metal frame for fifth-generation (5G) communications is presented. Each element is fed by a microstrip line with a tuning stub, consisting of a U -slot on the ground plane and an open slot on the metal frame. Each slot element on the ground only occupies an area of 15 ×3 mm. The antenna array can operate in 3.3-6 GHz (S 11 < −6 dB) that is ultra-wide bandwidth for the future 5G communications. The antenna array is manufactured and measured. Measured antenna isolation is higher than 11 dB without any decoupling structures applied. Moreover, measured radiation patterns, antenna efficiencies, and envelop correlation coefficients are also given in this paper. High agreement between the measured and simulated results is obtained, which means that the proposed antenna is promising in engineering application.
I. INTRODUCTION
The forthcoming of fifth generation (5G) mobile communication means higher data transfer rate. To meet the requirements, multiple-input multiple-output (MIMO) technology needs to be applied in 5G wireless communication system in that massive MIMO system can offer a high channel capacity. Conventional 2 ×2 MIMO antennas for long term evolution (LTE) communications can no longer afford such high data throughput, so 8 ×8 MIMO or even 10 ×10 MIMO antenna system is currently necessary [1] , [2] .
As a pioneer in future 5G wireless communication, sub-6 GHz spectrum of some countries is shown in Table 1 [3] . Presently, research on sub-6 GHz in most countries focuses on LTE band 42 (3400-3600 MHz) and LTE band 43 (3600-3800 MHz). Besides, 3550-4200 MHz, 3300-3400/ 4800-5000 MHz, and 3600-4200/4400-4900 MHz, are also included in 5G applications by the United States, China, and Japan, respectively. Furthermore, as an unlicensed band (LTE-unlicensed, LTE-U) restricted to the licensedassisted access operation (LTE-licensed Assisted Access, LTE-LAA) [4] , LTE band 46 (5150-5925 MHz) is also significant for the 5G spectrum. From the table, it is seen that different countries have allocated different sub-6 GHz bands ranging from 3.3 GHz to 6 GHz, and all these multiple
The associate editor coordinating the review of this manuscript and approving it for publication was Hassan Tariq Chattha. licensed/unlicensed bands are going to coexist in the future 5G application. Therefore, a multi-port MIMO antenna that can continuously operate from 3.3 GHz to 6 GHz is necessary.
On the other hand, the metal frame is an important component for a smartphone in industrial design. But in the meantime, it deteriorates the antenna radiation performance.
Fortunately, etching open slot on the metal frame can effectively solve this problem [5] , [6] . Presently, there have been some MIMO antenna designs for fourth generation (4G) metal-frame smartphones [7] - [11] . What we need in future is 5G metal-frame-integrated MIMO antennas that support multi-band and even ultra-wideband operations.
In recent years, some MIMO antennas for 5G smartphones have been reported [12] - [30] . Regrettably, to the best of author's knowledge, designs about ultra-wideband MIMO antenna that can operate in metal-frame smartphones for 5G mobile communications are still scarce. On the one hand, some multi-mode and multi-band 5G MIMO antennas have been proposed, while few can integrate metal frame as a vital component for the smartphone. For instance, in [12] , an 8-port 3.5/5.8 GHz (3400-3600/ 5725-5875 MHz) dual-band antenna array is formed by some inverted-F/loop antennas. A 10-antenna array with 10 T-slots can generate dual resonant modes to cover bands 42/43 and band 46 [13] . An 8-port antenna array studied in [15] also covers band 42 and band 46, using eight L-slots and eight monopoles. These exemplary multi-band antennas have shown good performances in the non-metallic smartphone platform, but their design concepts may be inapplicable in the metal-frame platform. On the other hand, it is a big challenge to design an ultra-wideband MIMO antenna array that can be integrated into 5G metal-frame smartphones. For example, an open-slot-based 8-antenna array design discussed in [16] has shown good compatibility in metal-frame smartphones. However, it only covers single LTE band 42. Another metalframe-integrated MIMO antenna array, which consists of four identical dual-antenna building blocks, is able to cover LTE bands 41/42/43 [17] . But its working bandwidth is still not sufficient for 5G wireless communications.
Decoupling technique becomes more critical but challengeable for designing MIMO antenna, as the number of antenna element increases. Conventional decoupling technique such as neutralization line [18] , [21] , orthogonal modes [24] , and protruded ground [31] , has been applied to MIMO antenna. Recently, some different technique for MIMO antenna is reported [32] - [36] . By embedding a metamaterial polarization-rotator wall or a metasurface orthogonalize wall between two millimeter-wave (mm-wave) dielectric resonator antennas, the mutual coupling can be reduced by up to 20 dB [32] - [34] . Besides, frequency selective surface technique can also effectively reduce coupling between antennas in mm-wave MIMO system [35] , [36] .
Based on the above-mentioned discussions regarding the future demands and challenges of sub-6 GHz MIMO antennas, we propose an 8-port MIMO antenna array for future 5G metal-frame smartphones that can work in the frequency from 3.3 GHz to 6 GHz, which includes almost all sub-6 GHz bands in 5G applications. Each element containing a small U-slot on the ground, and a narrow slot on the metal frame, is fed by a 50-ohm microstrip line with a tuning stub. The side-edge metal frame is directly fed by the microstrip line, so part of it is exploited as the radiator to enhance the bandwidth. The proposed antenna exhibits good performance in simulated and measured results. Typical results such as S parameters, antenna efficiencies, radiation patterns, and calculated envelope correlation coefficients (ECC) are discussed in the paper.
II. PROPOSED ANTENNA ARRAY
A. ARRAY STRUCTURE Fig. 1 shows the geometry of the proposed 8-port MIMO antenna array. An FR4 substrate with a relative permittivity of 4.4 and a loss tangent of 0.025 is used as the system circuit board (SCB) with ground plane on its back. It has a dimension of 150 mm ×75 mm ×0.8 mm. Four side-edge frames, including two long frames (left, right) and two short frames (top, bottom), are arranged perpendicularly with respect to the SCB. Copper sheets are printed on the inner surfaces of FR4 substrate, to simulate metal frames of a smartphone. All the four frames have the same height of 6 mm. They are placed 1 mm below the ground plane to accommodate the display panel. As depicted in Fig. 1(a) , eight identical antennas (Ants 1-8) are disposed at the long side of the SCB. In order to reserve enough space for 4G antennas, the elements at the top and bottom i.e., Ant 1, Ant 4, Ant 5 and Ant 8, are 20 mm away from the metal frame. All antennas are symmetrical about the center of the SCB, details can be seen in the figure.
B. ANTENNA ELEMENT
The detailed structure of the antenna element is illustrated in Fig. 1(b) . The 50-ohm microstrip line with a rectangular tuning stub is used to feed the antenna element. A 0.5-mm wide U-slot, whose one arm is 15 mm long and the other one is 13 mm long, is etched on the ground plane. The U-slot is of 15 mm ×3 mm large. A 2-mm wide slot on the metal frame joins with the U-slot. The feed strip is electrically connected to the side-edge metal frame. Each antenna element consists of three parts: the feed strip (section AB), part of the metal frame (section CD), and part of the ground (section EF). The antenna element has a maximum length of 13 mm, which is still less than a quarter of wavelength, even though the metal frame is a part of the antenna structure. Detailed working principle will be introduced in section III of the article.
III. DESIGN PROCESS
Simulated S parameters of the elements are depicted in Fig. 2 . Because of the centrosymmetric structure of the proposed antenna array, the eight antenna elements can be divided into two parts, i.e. Ant 1, Ant 4, Ant 5 and Ant 8 belong to one category and the other four antennas belong to the other category. So, we can assume that S 11 = S 44 = S 55 = S 88 , and S 22 = S 33 = S 66 = S 77 . Thus, only reflection coefficients of Ant 1 and Ant 2 are given in Fig. 2(a) . As can be seen in Fig. 2(a) , the antenna element can cover bandwidth of 3.3-6 GHz, which contains most sub-6-GHz bands. As for the isolations, there are also S 12 = S 34 = S 56 = S 78 , S 23 = S 67 , S 15 = S 48 , and S 26 = S 37 . As shown in Fig. 2(b) , all isolations are higher than 10 dB. Among which S 15 and S 26 are higher compared to S 12 and S 23 , because Ants 1, 5 and Ants 2, 6 are oppositely placed.
The procedure of element design is shown in Fig. 3 . Ant 1a is fed by a microstrip line with an L-slot underneath. In Ant 1b, a new branch slot is etched, thus the L-slot becomes a U-slot, leading to a new resonance at 3.6 GHz. As for Ant 1, a rectangular tuning stub is added on the right side of the feed line, leading to wider impedance bandwidth of 3.3-6 GHz, which is the targeted 5G band in sub-6 GHz spectrum. Details can be seen in Fig. 4 and Table 2 .
The variation of S 11 with different values of L1 and L2 is shown in Fig. 5 . It can be clearly seen that the lengths of L1 and L2 affect the resonance of low frequency and high frequency, respectively, which means that the proposed antenna element can be independently adjusted, even though VOLUME 7, 2019 it supports a very wide bandwidth of sub-6 GHz. This unique characteristic makes it easy to be operated in engineering application. The simulated surface current distributions at the two resonances are demonstrated in Fig. 6 . To demonstrate the current on the ground clearly, the feed strip is not shown in Fig. 6(a) . It is clear to see that the current concentrates on path ABDEF at 3.3 GHz. When the antenna resonances at 5.3 GHz, the current mainly concentrates on path ABC. This result verifies the characteristic obtained from Fig. 5 , indicating that part of the ground and part of the metal frame are used as the radiators of the antenna. Essentially, each antenna element can be considered as an asymmetrical dipole.
IV. RESULTS AND DISCUSSION

A. S PARAMETERS
The proposed 8-port MIMO antenna array was fabricated and measured, and its front and back view is demonstrated in Fig. 7 . Each element was connected to a 50-ohm SMA connector. Their S parameters were measured by an Agilent vector network analyzer. The measured S parameters shown in Fig. 8 are agree with those simulated ones shown in Fig. 2 . Owing to the symmetrical structure, only the reflection coefficients of Ants 1-4 are given in Fig. 8(a) . The measured S 11 , S 22 , S 33 , and S 44 are smaller than -6 dB between 3.3 GHz and 6 GHz, and the measured transmission coefficients (S 21 , S 32 , and S 43 ) are all less than -10 dB within the desired frequency band. -6dB bandwidth is generally acceptable for an antenna working in sub-6 GHz bands. The isolations between nonadjacent antennas are much higher than those between adjacent antennas, so they are not plotted in the figure. The measured S parameters indicate that the proposed 8-port MIMO antenna array can cover all 5G sub-6 GHz bands effectively.
To further validate the effective bandwidth of the antenna array, total active reflection coefficients (TARC) are calculated using the measured S parameters. The amplitude of all excitations is kept the same while the excitation phases vary with respect to port 1 [37] , [38] . The TARC curves for different excitation phases are depicted in Fig. 9 . It can be seen that the -6dB bandwidth of the proposed antenna array can always covers 3.3-6 GHz with excitation phases varying.
B. RADIATION PERFORMANCES
The radiation performances of the proposed antenna array were tested in a microwave anechoic chamber. Fig. 10 shows the simulated and measured total efficiencies of Ants 1-4, with solid lines representing for simulated results, and dash lines for measured results. It can be seen that simulated result of Ant 1 coincides with that of Ant 4, and simulated result of Ant 2 coincides with that of Ant 3. The measured antenna efficiencies of Ant 1 and Ant 4 are about 3%-12% higher than those of Ant 2 and Ant 3. This is possibly because Ants 1 and 4 have lower coupling losses. All measured antenna efficiencies are about 40%-71% within the entire bandwidth, which are 5%-16% lower than the simulated antenna efficiencies. Nevertheless, the measured results are still acceptable for the 5G MIMO applications.
The radiation patterns in xy-plane and yz-plane of Ant 1 and Ant 2 at 3.5 GHz, 4 GHz, 4.9 GHz, and 5.5 GHz are plotted in Fig. 11 and Fig. 12 , respectively. As for the rest of the antenna elements, the radiation patterns are not shown for brevity. As illustrated in Fig. 11 , the co-polarization component (E-phi) shows agreement with the simulated one. Both Ant 1 and Ant 2 exhibit almost omnidirectional radiations in xy-plane, and the radiation in -y direction is a little stronger, which is the external direction of the SCB. Similarly, except Ant 2 at 5.5 GHz, omnidirectional radiations of Ant 1 and Ant 2 in yz-plane are observed from Fig. 12 , which are important in a smartphone. These results mean that all antenna elements show good radiation characteristics at the four representative frequencies (ranging from sub-6 GHz low band to sub-6 GHz high band), even though the proposed antenna array covers ultra-wide bandwidth, indicating that the proposed antenna array has promising radiation performance in mobile communication applications.
C. MIMO PERFORMANCES
Another important factor to evaluate the diversity and multiplexing of MIMO antennas is ECC. The simulated and measured ECC values between Ant 1 and Ant 2, Ant 2 and Ant 3, Ant 3 and Ant 4, Ant 1 and Ant 5 are given in Fig. 13 . The measured ECCs are computed from measured complex electric field results. In simulation, the maximum ECC is 0.12, which is between Ant 2 and Ant 3. ECCs between another adjacent antenna elements are less than 0.05, as shown in Fig. 13(a) . In addition, it can be clearly observed that all measured ECCs are no more than 0.09 within the operating frequency band. The low ECCs suggest that the proposed 8-port antenna array exhibits desirable MIMO diversity performance for 5G system.
The ergodic channel capacity of the fabricated antenna array is calculated, by assuming the MIMO system is in an independent and identically distributed Rayleigh fading environment with SNR of 20 dB. As displayed in Fig. 14 , the calculated channel capacity of the proposed antenna array is about 35-40 bps/Hz. In contrast, a 2 ×2 MIMO system can only reach a maximum channel capacity of 11.5 bps/Hz. Therefore, the 8 ×8 MIMO scheme has an advantage in data throughput compared to 2 ×2 MIMO scheme.
D. EFFECTS OF HAND
The effect of user's hand for the proposed antenna array is also investigated in this section. As shown in Fig. 15 , the antenna array is held by a hand. The simulated S parameters with handing are plotted in Fig. 16 . It can be seen in Fig. 16(a) that all antenna elements except Ant 8 can still cover 3.3-6 GHz. The performance of Ant 8 is deteriorated, because it is almost entirely covered by the middle finger. It is demonstrated in Fig. 16(b) that all isolations between adjacent antenna elements are still higher than 10 dB.
The simulated total efficiencies of the eight antennas are depicted in Fig. 17 . Note that the efficiencies of Ants 1-5 are almost unchanged, but those of Ants 6-8 become lower than 40% compared to the free space circumstance. This is because the hand is a lossy medium which will absorb electromagnetic radiation energy, causing the deterioration of antenna efficiencies. However, all simulated total efficiencies are still higher than 20%, which are acceptable for 5G smartphone MIMO system with the hand presence.
In addition, a comparison between the proposed MIMO antenna and some other MIMO antennas in references is listed in Table 3 . As can be seen, most referenced antennas cannot be integrated into metal-frame smartphones, which may not meet the industrial demand. Furthermore, the proposed MIMO antenna array has wider bandwidth than all the other MIMO antenna arrays listed in this table. The ECCs of the proposed work are also relatively low. In addition, compared to the 8-port MIMO antennas introduced in [14] , [16] - [18] , [27] and [30] , the proposed MIMO antenna array has a higher peak channel capacity.
V. CONCLUSION
In this paper, an ultra-wideband 8-port MIMO antenna array for 5G applications is designed, manufactured, and tested. Using a part of metal frame as a radiation branch, the antenna array can work properly in a metal-frame smartphone. The measured results show that the working frequency band of the proposed antenna array is able to cover 3.3-6 GHz, with isolation higher than 11 dB. The measured antenna efficiencies are higher than 40% within the operating bandwidth. The calculated ECCs from measured E-field results are less than 0.09, and the calculated channel capacity is between 35 bps/Hz and 40 bps/Hz with 20-dB SNR. In the handheld circumstance, at least seven antenna elements have desirable radiation performances (reflection coefficients < -6 dB, total efficiency > 20%) within 3. 
